Abstract: Propanephosphonic acid anhydride (T3P ® ) is a prevailing coupling and dehydrating agent with many desirable properties which render it a reagent of choice for a plethora of reactions and, befittingly, its application in organic synthesis is rapidly increasing. Since its introduction as a peptide coupling agent in 1980, the realm of applications of T3P has expanded. Currently its use is found in a broad range of reactions, including condensation, functional group transformation, heterocycles preparation, rearrangements, and catalysis. It offers several advantages over traditional reagents, such as high yield, chemical and optical purity, broad functional group tolerance and easy work-up. The reagent is attractive for large-scale synthesis as well, and particularly so for multi-kilogram scale preparations of drug molecules. This article reviews the hitherto reported applications of T3P as a reagent in organic synthesis. Focus is also placed on the use of T3P for large-scale synthesis.
Introduction
One of the central focuses and often the one which is the key to the success of organic synthesis is the kind of reagents and conditions used to synthesize molecules in an efficient manner. In the endeavor of discovering new reagents, numerous coupling and dehydrating agents have been developed and yet there is a constant impetus for the development of newer condensation agents, which in recent days is guided by the requirements for the synthesis of biologically important molecules. Each coupling reagent has tunable structure, unique reactivity and distinct chemical as well as physical properties. Hence, utility of these reagents has moved far beyond their use as simple coupling agents and they have been implemented for newer applications such as the use in synthesis of aldehydes, alcohols, acetylenes, heterocycles and several other useful intermediates.
Carbodiimides, as well as onium, uronium and guanidinium salts, lead the directory of diverse classes of coupling agents developed. Among them, a large variety of phosphorus-based reagents have been found to be attractive since they render the reactions clean and high-yielding in small-scale as well as large-scale preparations. Newer phosphorus-based reagents that are relevant in the context of green synthesis are constantly being explored. Among the wide array of phosphorus-based reagents available, diphenylphosphorazidate (DPPA; 1), diethyl-2-(3-oxo-2,3-dihydro-1,2-benzisosulfonazolyl)phosphonate (DEBP; 2), N,N′-bismorpholinophosphonic chloride 3 (BMPCl), 1-oxo-chlorophospholane (CptCl; 4), 3-(diethoxyphosphoryloxy)-1,2,3-benzotriazin-4(3H)-one diethyl tartarate (DEPBT; 5), phosphoric acid 3,5-dioxo-10-oxa-4-azatricyclo[5.2.1.0]dec-8-en-4-yl ester diphenyl ester (ENDPP; 6a), norborn-5-ene-2,3-dicarboximidodiphenylphosphate (NDPP; 6b), bis(2-oxooxazolidin-3-yl)phosphinic chloride (BopCl; 7) have been used widely in organic synthesis and peptide chemistry in particular ( Figure 1 ).
n-Propanephosphonic acid anhydride, popularly known as T3P ® (8; Figure 2 ), is one such phosphorus-containing reagent among the many discovered in recent years. It is a phosphorus-based cyclic anhydride introduced by Wissmann et al. in 1980. 1 It has also been identified by other names, including 1,3,5,2,4,6-trioxatriphosphorinane, 2,4,6-tripropyl-2,4,6-trioxide, n-propylphosphonic cyclic anhydride (PPACA) and propane phosphonic acid anhydride (PPAA) but will be referred to throughout this review as simply T3P. It was initially employed as peptide coupling agent and thereafter its utility had been successfully demonstrated in a series of conversions, as well as in industrial applications as a reagent for large-scale synthesis of natural products, heterocycles and drugs. A phenomenal expansion in its applications has been witnessed from Bangalore University. owing to its coupling, dehydrating and catalytic properties, which can be harnessed under very mild conditions. Significantly, T3P has been shown to be more promising for large-scale preparations because of its low toxicity, low allergenic potential, and non-inflammability. In addition, the solubility of its remnants in water renders the easy handling of the reagent on large scale as well. On the other hand, safety parameters for the highly sensitizing carbodiimide reagents, or for the preparation, storage and handling of explosion-prone benzotriazole derivatives, require specific attention. This need for this review article is driven by the currently growing number of applications of T3P as a reagent of choice in organic synthesis and attempts to review the developments in this regard. In addition, the practical aspects of the usage of the reagent are briefly emphasized.
Structure and Preparation
T3P is a six-membered cyclic anhydride with phosphorus and oxygen atoms alternately linked to each other. It is obtained by cyclization of trimer 9 (Scheme 1). Owing to the facile nature of the -P-O-P-bonds of the ring, T3P exhibits increased reactivity towards a wide range of nucleophiles. T3P is a clear, colorless syrup with a boiling point of 280°C/0.1 mbar.
Scheme 1 Preparation of T3P
The original protocols for the synthesis of T3P used npropyl phosphoric acid (11) or n-propyl phosphoric dichloride (10) as starting compounds. Wehner et al. employed 10 as a precursor, which was initially heated at 40°C and then raised to 80°C. After complete addition of water, followed by heating the reaction mixture in a controlled manner at 80°C/17 torr for three hours and then at 80°C/5 torr for another three hours, oligomeric unit 9 resulted, with the liberation of gaseous hydrochloric acid. The oligomeric acid, on distillation at 200°C under reduced pressure (0.2 mbar), afforded the trimeric anhydride 8 in respectable yield. Alternatively, a two-step synthesis of T3P was developed by Wissmann et al. 1 (Scheme 1) in which 11 was heated at reflux with acetic anhydride followed by removal of excess acetic anhydride and acetic acid by vacuum distillation at 100 mbar under an inert atmosphere. The anhydride 9 thus formed was then subjected to reactive distillation at 280°C under reduced pressure (0.1 mbar) to yield the cyclic trimer 8 in 77% yield.
[Handling and storage: Since the anhydride form of T3P is sensitive to water, T3P after distillation should be dissolved in an anhydrous organic solvent. T3P is commercially available as 50% (w/w) solution in a variety of solvents including ethyl acetate, dichloromethane, 1,4-dioxane, tetrahydrofuran, N,N-dimethylformamide, n-butyl acetate and polyethylene glycol ethers and other polar, aprotic organic solvents in various ratios. A 50% solution in dichloromethane can be stored in a brown bottle for several months. The reagent should be used under a fume hood since it can cause etching. It has low toxicity and low allergenic potential compared to other commonly used reagents such as p-toluenesulfonyl chloride or dicyclohexylcarbodiimide (DCC)]. 
T3P in Peptide Chemistry

As a Coupling Agent
The first application of T3P was as a reagent for peptide synthesis.
1
The usage of coupling reagents in many cases is advantageous when compared with pre-activated acids since it avoids an additional step for converting the acids into their more reactive derivatives. In this line, several newer coupling reagents have been developed for direct formation of peptide esters, including benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP), chlorotri(pyrrolidino)phosphoniumhexafluorophosphate (PyCloP), bromotri(pyrrolidino)phosphonium hexafluorophosphate (PyBroP), benzotriazol-1-yloxytri(pyrrolidino)phosphonium hexafluorophosphate
, and 1-(1-pyrrolidinyl-1H-1,2,3-triazolo [4,5-b] pyridin-1-ylmethylene)pyrrolidinium hexafluorophosphate N-oxide (HAPyU).
3
T3P allows easy access to peptides with minimal racemization and without the necessity of an additive (generally used to lower the extent of racemization during carboxyl activation). When T3P was employed in the condensation reaction of N-protected amino acids 12 and 13 to form peptides 14 (Scheme 2), satisfactory yields with low ratee of racemization were observed. A major advantage of T3P lies in the fact that the other products of the coupling reaction are soluble in water and do not offer any difficulty in the workup. T3P possesses good solubility in common organic solvents and its remnants are highly soluble in aqueous solution, thus their complete removal can be achieved by simple aqueous washes. During the peptide synthesis, the cyclic anhydride opens up to yield phosphonic acid. The carboxylate ion generated in the presence of a base such as triethylamine or diisopropylethylamine (DIPEA) attacks a phosphorus atom in 8 and forms mixed anhydride 15 which is then attacked by the amine 13 to result in the peptide 14 (Scheme 3). Several tripeptides including Cbz-Gly-PheGly-OEt (99%), Cbz-Val-Tyr( Peptide synthesis mediated by carbodiimides is generally accompanied by racemization. Different coupling reagents show different degrees of racemization in the same peptide coupling reaction. However, DCC and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), when used in combination with additives like 1-hydroxybenzotriazole (HOBt), 6-chloro-1-hydroxybenzotriazole (6-ClHOBt), 1-hydroxy-7-azabenzotriazole (HOAt), ethyl 1-hydroxy-1H-1,2,3-triazole-4-carboxylate (HOCt), 1-hydroxy-2-pyridinone (HOPy), ethyl 2-cyano-2-(hydroxyimino)acetate (Oxyma), N-hydroxy-5-norbornene-2,3-dicarboximide (HONB), N-hydroxysuccinimide (HOSu) and more recently 3-hydroxy-4-oxo-3,4-dihydro-1,2,3-benzotriazine (HODhbt) and its aza derivative, and copper(I) iodide, minimize racemization to a significant extent. In contrast, T3P causes a very limited level of racemization without the use of any additive. Couplings involving N-methyl amino acids and α,α-disubstituted amino acids is challenging because of steric factors. Even in such couplings, however, T3P affords the desired peptides in excellent yields (Scheme 4).
2d
The coupling was carried out in the presence of diisopropylethylamine or triethylamine at 0°C within one hour. Also, in the coupling of hydroxy acid 25, excellent yield was reported (Scheme 5). The preparation of the hematoregulatory nonapeptide [Glp-Glu(OBn)-Asp(OBn)] 2 -DAS-[Lys(OBn)] 2 (30) was accomplished through a convergent approach. 5 The key steps in this synthesis involved the preparation and the coupling of tripeptide Glp-Glu(OBn)-Asp(OBn)-OH (28) and tripeptide hydrochloride salt (HCl (29) . Several coupling reagents were investigated in order to reduce the amount of epimerization and yield of fragment coupling. T3P, in the presence of diisopropylethylamine, condensed the two peptidyl frag- 
13 14
Et 3 N Pg = Cbz, R 1 = H, R 2 = H, R 3 = Et (80%) Pg = Cbz, R 1 = indolyl, R 2 = CH 2 O t Bu, R 3 = Me (96%) Pg = Cbz, R 1 = Bn, R 2 = H, R 3 = Et (86%) Pg = Boc, R 1 = CH 2 CH 2 SMe, R 2 = H, R 3 = Et (94%) Pg = Boc, R 1 = indolyl, R 2 = CH 2 CH 2 SMe, R 3 = Me (93%) ments 28 and 29 to form the oligopeptide 30 in satisfactory yields. Scheme 6 illustrates a brief comparison of various coupling agents, including the commonly used carbodiimides and phosphonium-type reagents, and the extent of racemization in the fragment coupling of 28 and 29.
5
The combination of T3P and pyridine was employed for amide formation 6 from protected amino acids whose activated derivatives were sensitive to racemization. The reaction of N-Cbz-alanine and N-Cbz-phenylglycine with aniline and benzylamine, respectively, provided anilides 31, 32 and 33 in high yield without epimerization ( Figure  3) . However, the coupling of N-Ac-Ala-OH with aniline in the presence of T3P and pyridine was accompanied by azlactone byproducts as well. Segment coupling and head-to-tail cyclization of short peptides is a significant area of study in the synthesis of peptides. In this context, coupling agents derived from HOBt and HOAt such as HBTU and HATU have proven to be efficient in both the segment coupling and cyclization. Similarly, the efficacy of T3P, as demonstrated by Wenger 7a in the synthesis of cyclosporine, prompted Henklein and co-workers 7b to evaluate its utility for segment coupling and cyclization. They carried out a comparative study of the usage of T3P and HAPyU in the segment coupling and head-to-tail cyclization of short peptides.
7b
Thereby it was inferred that T3P is an effective 4 -OH [where Ac = acetyl, Hmb = 2-hydroxy-4-methoxybenzyl, and Tmob = 2,4,6-trimethoxybenzyl] were studied for head-to-tail cyclization in the presence of T3P and the yields reported were satisfactory.
3.2
Synthesis of Amino Acid Derivatives and Peptidomimetics
Synthesis of N-Protected Amino Acid Azides and α-Ureidopeptidomimetics
Sureshbabu and co-workers reported the conversion of Nprotected amino acids 12 into the corresponding acid azides 34 by employing T3P (Scheme 7).
8a
In this protocol, T3P was used as an acid-activating agent where it formed an anhydride that, upon treatment with sodium azide in dimethylsulfoxide, afforded the corresponding acid azide in good yields ( The use of T3P was extended to the one-pot synthesis of N-protected α-ureidopeptidomimetics 35 starting from amino acids through the Curtius rearrangement of the in situ generated acid azide followed by coupling of the isocyanate with an amino acid ester. The conversion was accomplished under ultrasonication. A series of α-ureidopeptides with different N α -protecting groups were isolated in good yield (Figure 4 ).
The T3P-mediated one-pot scheme proves to be more useful with regard to the preparation of Boc-and Cbz-protected α-ureidopeptides as their acid azides are not stable to isolation. 
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Synthesis of Amino and Peptide Thioacids
Thioacids find wider utility in synthetic organic chemistry as well as in polypeptide and protein synthesis through native chemical ligation techniques.
9
Thioacids are generally prepared by the activation of an acid with carbonyldiimidazole (CDI) or EDC or by way of a mixed anhydride followed by treatment with sulfur donors such as sodium sulfide, hydrogen sulfide or lithium sulfide. The synthesis of N α -protected amino or peptide thioacids 37 and 40 (Scheme 7 and Figure 5 ) starting from the corresponding amino or peptide acids employing T3P and sodium sulfide in the presence of triethylamine was recently reported by Sureshbabu and co-workers. The reaction was carried out at 0°C in acetonitrile. The protocol holds good for simple as well as bifunctional amino acids. The hydroxy group of Boc-Ser-OH remained unaffected but the thioacid was obtained in rather low yield. Compounds 42 and 43 thus prepared were further converted into Fmoc-L-Phg-Ala-OMe (44) and Fmoc-DPhg-Ala-OMe (45) using the conditions described by Danishefsky and Wang 11 (I 2 , DIPEA, HOBt, DMSO, r.t.). The diastereomers 44 and 45 were subjected to HPLC analysis and determined to be optically pure (Scheme 8).
Reduction of N-Protected Amino Acids and Peptides to Alcohols
Aminols or peptide alcohols are useful building blocks for the synthesis of oxymethylene peptides and oligopeptidyl carbamates. γ-Amino alcohols serve as precursors for the construction of α,β-unsaturated peptidomimetics and several heterocycles. The synthesis of aminols generally involves initial activation of the carboxylic acid followed by reduction using moist sodium borohydride. T3P has been used for the carboxylic acid activation. 12 The protocol involved reaction of the N-protected amino acid with T3P in ethyl acetate, in the presence of diisopropylethylamine, at 0°C. The resultant mixture was then treated with moist sodium borohydride to afford the corresponding alcohol 39 in good yields (Scheme 7). The protocol was extended to γ-amino alcohols from the corresponding β-amino acids as well. γ-Amino alcohols were obtained in 84-96% yield. Chiral HPLC analysis of the enantiomeric aminols derived from Fmoc-protected L-and D-Ala confirmed that the protocol was free of racemization.
Synthesis of N-Protected Amino Acid Esters
The preparation of amino acid esters is one of the most widely used protocols in peptide chemistry. There are many methods available for esterification, including the application of specific esterifying reagents such as 2-ethoxy-1-(ethoxy carbonyl)-1,2-dihydroquinoline (EEDQ), 1-tert-butoxy-2-tert-butoxycarbonyl-1,2-dihydroisoquinoline (BBDI), molecular iodine, cyanuric chloride and iron(III) chloride. T3P brings about esterification in an effective manner by serving as an acid activator.
13b
Amino acids with simple (Phe) and bifunctional (Tyr, Asp) side chains were converted into the corresponding esters 46 upon reaction with ethyl, tert-butyl, hexyl and cyclohexyl alcohols (Table 2) . 4.1 As a Carboxylic Acid Activator
Amide-Bond Formation
The amide bond is the most commonly found linkage in molecules including macromolecules of biological significance. The American Chemical Society's Green Chemistry Institute found that 'amide formation, avoiding poor atom economy reagents' is a key aspect for the success of synthesis.
14a
The amide moiety, apart from being most common in molecules of pharmacological interest, also serves as a starting moiety for several conversions. For amide-bond formation, commonly followed protocols involve activation of the carboxylic acid by converting the hydroxy group of the acid into a good leaving group prior to treatment with an amine. For the construction of an amide bond, a plethora of coupling reagents are available.
14b-d
However, choice of the coupling reagent is of significance and needs to consider not only the portfolio of reactivity but also the simplicity of product isolation. The formation of anilides 49, or substituted benzanilides such as 52, is not easy and is dependent on the reactivity of the acid, which is in turn determined by the nature of the substituent on the aromatic ring. Thus the acids 47, in the presence of T3P and triethylamine at 60°C, was coupled with aniline 48 to afford the anilides 49 (Scheme 9). 
16
In order to preserve the chirality in the target molecule, (S)-malic acid derived 57 was coupled to amine 56 using T3P in the presence of diisopropylethylamine at room temperature.
17
The resulting amide 58 was obtained in 86% yield, and was finally converted into 'upenamide', an alkaloid, through a multistep protocol (Scheme 11).
Scheme 11 Synthesis of 'upenamide' intermediates
The synthesis of 4-aminoimidazoles 62 was carried out starting from 1-substituted 4-nitroimidazoles 59. The latter was subjected to catalytic hydrogenation using palladium on carbon to obtain unstable 4-aminoimidazole 60 which was immediately acylated with an acid employing T3P and triethylamine (Scheme 12). 
Scheme 12 Synthesis of 4-aminoimidazoles
The synthesis of N-hydroxyamides relies on the acylation of N-and O-alkylhydroxylamines and T3P has been found to be selective in N-over O-acylation with ambident nucleophiles such as phenolic amines and hydroxylamine. The reaction of alkyl hydroxylamine 63 with an acid in the presence of T3P and triethylamine afforded only the N-acylated products (N-hydroxyamides) 64 in 36-61% yield. 19 On the other hand, with reagents such as DCC and EDC-HOBT, O-acylation occurred exclusively (Scheme 13).
Scheme 13 Synthesis of N-hydroxyamides
The preparation of alcohols from the corresponding carboxylic acids 61 was reported by Sureshbabu and coworkers 12 employing T3P as an acid activator followed by reduction using moist sodium borohydride (see also section 3.2.3). The alcohols 66 were obtained in 80-93% yields ( Figure 6 ). 
Esterification
Keto phosphonate 69, required for the preparation of α-alkylidene-γ-butyrolactones 70, was obtained by the reaction of commercially available 4-hydroxy-2-cyclohexenone (67) and diethylphosphonoacetic acid (68) in the presence of T3P in anhydrous dichloromethane at 0°C to room temperature. 20 This was the crucial step in the preparation of α-alkylidene-γ-butyrolactones 70 (Scheme 14).
Scheme 14 Preparation of keto phosphonate 70
The utility of T3P was extended to the esterification of porphyrin 71 by reaction with 3-(1-pyrrolyl)propan-1-ol (72) to afford the electropolymerizable porphyrinoid metal complex 73 (Scheme 15). 21 The usage of T3P here represents a facile route for the preparation of immobilizable porphyrinoid metal complexes, mainly owing to its operational simplicity.
Scheme 15 Synthesis of metalloporphyrin derivatives
Radical Precursor Synthesis
The growing need for the radical precursors required in the preparation of N-acyloxy-substituted thiazolethiones 76 and pyrimidinethiones 77 in synthetic and bioorganic chemistry has led to the development of many routes for their synthesis. In an earlier report, 22a-c the isolation of highly labile O-acylthiohydroxamates led to a severe drop in yields as their recrystallization was not practicable and purification by column chromatography was associated with substantial loss of the product. In general, the synthe- Table 3 ).
Scheme 16 Synthesis of N-acyloxythiazol-2(3H)-thiones 76 and Nacyloxypyridine-2(1H)-thiones 77
Hydroxyamidation
The typical route for this purpose is the reaction of carboxylic acids with hydroxylamine. Generally, hydroxyamidation of carboxylic acids is carried out using Oprotected hydroxylamine derivatives such as O-benzylhydroxylamine or tetrahydropyran-protected hydroxylamine. The reaction of unprotected hydroxylamine with acids, in the presence of DCC or EDC is not chemoselective as it yields O-acylated products as well. The undesired O-acylation can be circumvented by the appropriate choice of the activation method or reagent or by O-protection. The reported protocols in this regard involve treatment of oleyl chloride with hydroxylamine hydrochloride, but they still gave low yield (42-61%). 23a The underlying problem in the hydroxyamidation is the presence of an acidic oxygen atom that gets activated through deprotonation. Exclusive N-acylation has been achieved by using acid chlorides in the presence of magnesium oxide, 23b but this method has been limited to Fmoc-amino acid chlorides and thus does not seem to have a widespread utility. In this context, T3P has been found to be extremely useful for efficient preparation of hydroxamic acids not only without O-acylation, but also without the prerequisite for O-protection. Appendino and co-workers 23c exploited the difference in nucleophilicity between the nitrogen and oxygen atoms of hydroxylamine to accomplish exclusively N-acylation using T3P. Hydroxyamidation of oleic acid worked well in acetonitrile at room temperature, whereas comparatively lower yields of 41% and 53% were recorded when dichloromethane and ethyl acetate, respectively, were used. A 50% solution of T3P in ethyl acetate (1.2 equiv) and 2.0 equivalents of hydroxylamine hydrochloride led to the conversion of acid into hydroxamic acid with 52-85% yields (Table 4) . T3P was also found to be useful in the preparation of carbamates (Boc-and Cbzprotected aromatic amines) 24 79 and 80 from the hydroxamic acid 78 (Scheme 17) through Lossen rearrangement.
Weinreb Amide Synthesis
Since their initial appearance in 1981, Weinreb amides 25 have been considered as useful substrates in organic synthesis owing to their reduction into aldehydes and their utility in the preparation of ketones upon reaction with Grignard reagents. Their utility has been demonstrated in peptide chemistry as well. tivator in Weinreb amide formation from the corresponding acids. Importantly, the usage of T3P minimizes the rate of epimerization at the α-carbon.
Fish et al. 27 treated the lithium salt of acid 81 with T3P, triethylamine and N,O-dimethylhydroxylamine to afford Weinreb amide 82 (Scheme 18). The latter was further converted into ketone 83 through a Grignard reaction.
Scheme 18 Synthesis of morpholine derivatives (serotonin and noradrenaline reuptake inhibitors) 84
Glycosylated peptides and proteins play an important role in biological processes and are popular targets in drug design. T3P was employed 28 to convert the γ-carboxyl group of protected glutamate 85 into its Weinreb amide 86 in the presence of N-ethylmorpholine. This was one of the crucial steps in the synthesis of C-glycosylated amino acid 88. The amide 86, upon reduction, yielded aldehyde 87 which was further converted into 88 (Scheme 19). 2-Deoxyribose and its derivative 89 serve as useful compounds in the preparation of chiral building blocks, for instance in the preparation of (+)-diplodialides B and C (92a,b). For example, the acid 90, in the presence of T3P and triethylamine, was converted into Weinreb amide 91 in 77% yield; the latter was then utilized to obtain the diplodialides (Scheme 20). 29 Recently, to obtain good yields of the amides without column purification, Sureshbabu and co-workers fine-tuned the reaction conditions for the synthesis of N α -protected amino and peptide acid derived Weinreb amides 38 using T3P.
Scheme 19 Stereoselective synthesis of a C-glycosidic analogue of N-glucoasparagine
30
Scheme 20 Synthesis of chiral building blocks from a deoxyribose
4.2
As a Dehydrating Agent
Preparation of Nitriles and Isonitriles
Nitriles serve as versatile synthetic intermediates in the manufacture of a variety of compounds that include pharmaceuticals, agricultural chemicals and dyes. A common route to access nitriles is the dehydration of primary amides. For this purpose, several reagents have been reported, among them inorganic cyanide ions, phosphorus pentoxide, titanium(IV) chloride, Burgess reagent, Nchlorosuccinimide with triphenylphosphine, phosphorus oxychloride, thionyl chloride and trifluoroacetic anhydride. In recent years, protocols involving the use of reagents such as PyBOP, EDC and cyanuric chloride have also been reported. Several of the above reagents possess intrinsic constraints for scale-up and industrial applications. Meudt et al. 31 used T3P for the conversion of 93 into the nitrile 94 (Scheme 21). Cbz-protected prolinamide was also converted into its nitrile 95 with 98% ee ( Figure  7) . The other products formed in the process are watersoluble and thus make the product isolation easier.
Nitriles 96 can also be made starting from aldehydes 97 with or without the isolation of the intermediate aldoxime 98, followed by its conversion into the nitrile in the presence of a suitable dehydrating reagent. Several protocols have been devised to circumvent the isolation of aldoximes, which do not possess an acceptable level of stability for isolation. Augustine et al. 32 employed T3P for the above conversion in the presence of base and hydroxylamine hydrochloride at 100°C (Scheme 22 and Figure 8 ). The conversion takes place by attack of the aldoxime hydroxy group on the phosphorus atom of T3P to form a phosphonate 99 which, upon decomposition, results in nitrile 96 and phosphonic acid 9.
Scheme 22 Mechanism for the preparation of a nitrile from an aldehyde employing T3P DIPEA), triethylamine gave better results. N,N-Dimethylformamide and N,N-dimethylacetamide (DMA) were the best solvent systems for this conversion. Aliphatic, aromatic and heteroaromatic aldehydes yielded nitriles in 94-99% yields. The protocol can also be applied to the substrates having cyano, methoxy, halo, nitro, boronate and carboxylate groups (Table 5 and Table 6 ).
Formamides 100 were dehydrated to isonitriles 101 using T3P at 55°C (Scheme 23). 33 In this patent, only one amino acid derivative, namely (S)-methyl 2-formamido-3-phenylpropanoate, was also dehydrated to its isonitrile 102 (Figure 9 ) with a crude yield of 99% in the presence of T3P at 28°C in ethyl acetate. 
Preparation of Alkenes
Generally, dehydration of an alcohol gives an alkene, but with respect to secondary and tertiary alcohols, harsh conditions are essential. Meudt and co-workers demonstrated the utility of T3P for a plethora of conversions. One such example is the dehydration of an alcohol. 35 Here, the hydroxy group of the alcohol adds to the phosphoryl phosphorus atom of T3P to form an anhydride which is then converted into the alkene 110 with the expulsion of phosphonic acid 9 (Scheme 25). It can be carried out using primary 107, secondary 108 and tertiary alcohols (107-109). The reaction conditions were simple and mild, and involved easy workup procedures. In this study, Boc-protected 4-hydroxyproline methyl ester (111) was also subjected to dehydration in the presence of T3P at 0°C, and dehydroproline 112 was obtained in an excellent yield of 97% with high purity (Scheme 26).
Scheme 26 Dehydration of Boc-protected 4-hydroxyproline methyl ester (111) to dehydroproline 112
Synthesis of Heterocycles
Oxa-and Thiadiazoles
Heterocycles have gained prime importance in biological studies as a large number of drug molecules possess heterocycles as active subunits. Numerous protocols and reagents have been reported for the synthesis of different classes of heterocycles. In the case of 1,3,4-oxadiazoles, the synthesis of this unit is most commonly carried out by the reaction of an activated acid with an acid hydrazide, followed by dehydrative cyclization of the resultant diacylhydrazide in the presence of a reagent such as thionyl chloride, phosphorus pentoxide, sulfuric acid, p-toluenesulfonyl chloride or phosphorus oxychloride. The ability of T3P to serve as the coupling and dehydrating agent for the synthesis of 1,3,4-oxadiazoles was studied in detail (Table 7) . 36 The protocol involves the coupling of acids 61 and acid hydrazides 113 to form the diacylhydrazides, which in the presence of T3P (2.5 equiv) and triethylamine (3.0 equiv) at 80°C cyclize to 1,3,4-oxadiazoles 115 (Scheme 27 and Table 8 ). The products were isolated in good yields. At room temperature, only the coupling took place, leading to a diacylhydrazide that did not undergo cyclization. The versatility of the protocol was demonstrated by using aromatic hydrazides with various electron-donating and -withdrawing substituents. The protocol was compatible with substrates having halo, cyano, hydroxy, methoxy and N-Boc substituents. 1,2,4-Oxadiazoles 116 were prepared by heating O-acylated amidoximes in the presence of pyridine, followed by dehydrative cyclization mediated by EDC or DCC. It has elegantly been demonstrated that they can be prepared by the reaction of acid 61 and amidoxime 114 in the presence of T3P (2.5 equiv) and triethylamine (3.0 equiv) in ethyl acetate at 80°C (Scheme 27 and Table 9 ).
36
The protocol was extended to the preparation of 1,3,4-thiadiazoles 117. A one-pot reaction of acid 61 and hydrazide 113 with phosphorus pentasulfide or the Lawesson reagent in the presence of T3P furnished 117 (Scheme 27 and Table 10 ). Thus, unlike in the synthesis of oxadiazoles, the role of T3P in the preparation of 1,3,4-thiadiazoles is limited to the initial coupling reaction and the cyclodehydration could proceed without the involvement of T3P. This was established by carrying out a control experiment, namely the cyclodehydration of the intermediate benzohydrazide 120, as delineated in Scheme 28.
Imidazo[1,5-α]pyridines and Quinolines
The title molecules were generally accessed by the condensation of carboxylic acids and 2-methylaminopyridine in the presence of a dehydrating agent (DCC, HgOAc or I 2 ). T3P, however, led to imidazo[1,5-α]pyridines through an improved protocol. 37 The reaction of an acid 61 and a 2-(aminomethyl)pyridine 123 in the presence of T3P at room temperature gave the amide 124, which on refluxing in ethyl acetate or n-butyl acetate underwent cyclodehydration to yield the corresponding imidazo[1,5-α]pyridine 125 (Scheme 29). The nature of the substituents on pyridine did not have a significant effect on the yield of the final products, which were isolated in 72-85% yield. The same protocol was extended to quinoline systems: the synthesis of imidazo[1,5-α]quinoline 128 was found to be favored in n-butyl acetate as solvent. However, only two examples were illustrated (Scheme 30). 
Biginelli Reaction
Dihydropyrimidinones are pharmaceutically relevant compounds with antibacterial and anti-inflammatory activities. Biginelli developed a simple protocol for their synthesis that involves the reaction of an aldehyde, a β-keto ester, and a urea or thiourea. Several modifications have been made in the Biginelli reaction to enhance the yield and to optimize the conditions for industrial usage. Recently, Kappe et al. 39 made use of polyphosphate ester (PPE) as a promoter for the Biginelli reaction. As polyphosphate ester is not commercially available, it needs to be prepared freshly whenever required. Kappe et al. investigated the mechanism of the Biginelli reaction, which they found proceeded through an N-acyliminium ion intermediate. The dehydrating properties of polyphosphate ester in combination with an aprotic solvent such as tetrahydrofuran drive the reaction in the desired pathway and minimize the side reactions associated with the earlier protocols. It was envisaged that a phosphorus-containing reagent with dehydrating properties would be of interest. 40 Interactions between the phosphorus of polyphosphate ester and the N-acyliminium ion drives the reaction through a stabilized enol-phosphate intermediate, which eventually prompted the selection of T3P as a promoter. The mixture containing an aldehyde 97, a urea or thiourea 136 and an active methylene compound 135 was refluxed in ethyl acetate in the presence of T3P (Scheme 33). The reaction was clean and the final products 137 were obtained in good yields (60-86%). Aldehydes with electron-donating groups resulted in lower yields than those with electronwithdrawing groups.
Scheme 33 One-pot Biginelli reaction
S-Alkyl imidazoles 139 was also prepared by the cyclodehydration of 138 in the presence of T3P in ethyl acetate at reflux with a yield of 91% (Scheme 34).
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Scheme 34 Synthesis of S-alkyl imidazole derivatives 139
Fischer Indole Synthesis
Indole is an important structural unit present in natural products as well as in therapeutically relevant compounds. The Fischer indole synthesis continues to be a dominant route to accessing indoles, and has been used successfully in combinatorial chemistry. Conversion of arylhydrazones into indoles 142 is catalyzed by Bronsted acids, Lewis acids and solid acids like montmorillonites and zeolites. Odell and co-workers 42 developed an operationally simple one-pot protocol using T3P. The reaction between various arylhydrazines 140 and cyclohexanone (141) in the presence of T3P (1.25 equiv) afforded 142 within five minutes under microwave irradiation at 100°C (Scheme 35).
Scheme 35 Synthesis of indole derivatives 142
A variety of ketones and aldehydes were used as substrates, and the reaction proceeded well in all cases. Unbranched ketones furnished products in 76-82% yields after heating at 110°C. Cyclic and branched ketones required a higher reaction temperature (150°C). T3P mediates the Fischer indole synthesis by initially acting as a water scavenger, whereby it drives the equilibrium towards the formation of hydrazone 145. During this process, T3P produces phosphonic acid, which functions as a proton source to accelerate ring closure to form 142 (Scheme 36). Bis(indolyl)methanes 149 ( Figure 10 ) were also synthesized by the reaction of indole with an aliphatic or aromatic aldehyde or ketone in the presence of T3P (10 mol%) at room temperature. 
4-Thiazolidinones
4-Thiazolidinones 44
152 exhibit a wide range of biological activities including antiviral, antiasthmatic and antimicrobial activities. General methods for their preparation involve the cyclocondensation of aldehydes, amines and mercaptoacetic acid 151 in one pot in the presence of a catalyst. Rangappa and co-workers 45 reported a one-pot protocol for their preparation employing alcohols 150, amines 130 and 151 using a combination of T3P and dimethyl sulfoxide as the oxidant as well as the cyclodehydrating agent (Scheme 37). 
Scheme 37 Synthesis of 4-thiazolidinones
Lower yields were recorded when other solvents (toluene, benzene, chloroform, tetrahydrofuran, acetonitrile and 1,4-dioxane) were used. Varying the amount of T3P did not affect the reaction duration and yield, whereas an increase in reaction temperature lowered the reaction duration but also caused a slight decrease in the yield. Functional groups such as hydroxy, nitro, ester, methoxy and Boc were reported to be tolerated under the conditions employed. Unlike other routes, this protocol uses an alcohol as one of the components. T3P in the presence of dimethyl sulfoxide mediates the oxidation (a modified Swern-type oxidation) with the release of dimethyl sulfide and subsequently acts as cyclodehydrating agent to form 152 (Scheme 38). 
Friedlander Synthesis of Polysubstituted Quinolines and Naphthyridines
The Friedlander reaction involves the reaction between an o-amino aryl aldehyde or ketone and another aldehyde or ketone with an active methylene group and leads to the formation of quinolines, polypyridyl bridging ligands and related bicyclic aza-aromatic compounds. Various protocols have been reported, involving transition-metal catalysts, Lewis acids and Bronsted acid catalysts. However, many of these procedures are not satisfactory with respect to the operational simplicity, cost of the reagent and conditions involved. Jida and Deprez 46 reported a simple onepot synthesis of polysubstituted quinolines and naphthyridines employing T3P as a promoter under solvent-free conditions. The Friedlander reaction of 2-amino-5-chlorobenzophenone with cyclohexanone under solvent-free conditions, employing T3P (1.0 equiv) at 60°C gave 100% yield of 159 (Figure 11 ) within 30 minutes. Cyclic monofunctionalized ketones and 2-aminoaryl ketones were employed to obtain tricyclic quinolines. A variety of aromatic, heteroaromatic, bicyclic, and heterobicyclic ketones such as α-tetralone, chromanone, dihydrobenzofuranone and dihydrobenzothiophenone were subjected to Friedlander annulation with 2-aminoaryl ketone and cyclohexanone to prepare polysubstituted quinolines 162 in excellent yields (Scheme 39). Various functionalized ketones including ethyl pyruvate, diethyl 1,3-acetonedicarboxylate, tert-butyl acetoacetate and ethyl acetoacetate also furnished 162. Jida and Deprez also reported the preparation of two naphthyridine derivatives, 166 and 167, through the reaction of 2-aminopyridine carboxaldehyde 163 with ethyl acetoacetate derivatives 164 and 165, respectively (Scheme 40). 
Thieno[2,3-d]pyrimidin-4-ol
Thiopyrimidine is a versatile heterocyclic system present in a variety of compounds with broad biological activity spectra. Poojari et al. However, the ratio of formation of benzimidazole and diamide was found to be time-dependent and irradiation for 30 minutes afforded the benzimidazoles 183 in 62-93% yields. Intramolecular nucleophilic addition followed by condensation in the presence of T3P, where it acts as water scavenger, led to the formation of 1,3-benzazoles. 181 and 183 were also accessed through the reaction of alcohols with o-aminobenzenethiol (180; X = S) and o-phenylenediamine (180; X = NH), respectively, in the presence of T3P and dimethyl sulfoxide under mild conditions. 
5,6-Dihydrophenanthridines and 5,6-Dihydrobenzo[c][1,8]naphthyridines
The Pictet-Spengler reaction of 185 with ethyl glyoxylate (186) was carried out at room temperature in the presence of T3P under a nitrogen atmosphere to prepare a series of 5,6-dihydrophenanthridines 187 in moderate to good yields (Scheme 45). 50 The presence of T3P in the reaction medium enhances the rate of imine formation. The thusproduced phosphonic acid activates the imine for cyclization to form 187.
Scheme 45 Synthesis of 5,6-dihydrophenanthridines 187
A similar strategy was followed when the reaction was performed between a heterocyclic substrate and a variety of aldehydes and ketones. In contrast to the conditions for ethyl glyoxylate, heating at 65°C for 6-10 hours was essential for carbonyl compounds. Spirophenanthridines 188-191 were also obtained in good yields when cyclic ketones were used ( Figure 13 and Figure 14) . Several substituted salicyl aldehydes and 2-hydroxyaryl ketones were also treated with 193 to provide the corresponding coumarins 194 in 85-98% yield.
Scheme 46 Synthesis of coumarins 194 from cyanoacetic acid
The protocol was extended to various substituted carboxylic acids such as chloroacetic acid, N-acetylglycine, alkylsulfonylacetic acids and arylacetic acids to obtain substituted coumarins 195 (Figure 15 ). The reaction of 2-hydroxyarylcarbonyls with 3,3,3-trifluoropropionic acid gave 3-trifluoromethyl-substituted products. In the reaction, T3P in the presence of triethylamine initially forms ester 198 which, upon subsequent heating, undergoes an intramolecular Aldol-type condensation to form 195 (Scheme 47). 
2 Imidazo[1,2-a]pyridines
Imidazo[1,2-a]pyridines 201 were accessed by the reaction of alcohols, 2-aminopyridines and isocyanides in the presence of T3P and dimethyl sulfoxide in ethyl acetate ( Figure 16 ).
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Alcohols were thus oxidized to the corresponding aldehydes, which in turn formed imines with the amines. Further, T3P allowed for the condensation of the imines and isocyanides to form 201. 
3 Quinoline-Substituted Pyrazole Derivatives
A series of quinoline-substituted pyrazole derivatives 202 were prepared from the corresponding acids and various amines, such as morpholine, diethylamine, dimethylamine, cyclopentylamine and cycohexylamine, employing T3P in 82-95% yield (Figure 17 ). 53 The prepared molecules showed antibacterial activity against E. coli. 
Oxidation Reactions
The selective oxidation of alcohols to carbonyl compounds is a key transformation 54 that is widely used in the production of fine and speciality chemicals. There are many reagents for the oxidation of alcohols, and the Swern oxidation is one such protocol that uses activated dimethylsulfoxide as an oxidant. In Swern-type oxidations, the activation of dimethyl sulfoxide is violent and exothermic, and successful activation requires low temperatures, usually lower than -20°C or even as low as -60°C. To improve existing strategies, Meudt et al. 55 developed a modified Swern oxidation in which T3P was used in combination with dimethyl sulfoxide as an oxidant (Scheme 48).
Scheme 48 Oxidation of primary alcohols mediated by T3P
During the reaction, T3P acts as an activator for dimethyl sulfoxide and in turn activates the alcohol for oxidation to afford the corresponding aldehyde, whereas secondary alcohols gave ketones 155 (Figure 18 ). The reaction can be carried out at temperatures ranging from -100°C to +120°C, depending on the substrate. The protocol also has the advantage of broad functional group tolerance (NO 2 , COOH, Cl, F). The secondary alcoholic group in the side chain of BocThr-OMe (203) was oxidized to produce the corresponding ketone 204 in 97% yield, in the presence of T3P and dimethyl sulfoxide at 0°C to room temperature without loss of stereochemistry at the chiral center (Scheme 49). 
Beckmann Rearrangement
For the formation of amide bonds through rearrangement reactions, not many practical protocols are available but among these, the Beckmann rearrangement is commonly used. This reaction involves the use of a stoichiometric quantity of dehydrating reagent, consequently it requires substantial amounts of solvents, effort and time for the purification of crude amides. In this context, catalytic methods are gaining popularity. For the rearrangement of a ketoxime 208 to an amide 209, numerous reagents have been developed as promoters but their cost, toxicity and corrosiveness make them less attractive at the industrial level. However, Augustine et al. 57 delineated the use of T3P as a catalytic promoter for the Beckmann rearrangement to ease some of these concerns. Both tetrahydrofuran and N,N-dimethylformamide were effective in affording the amides 209 in good yields (Scheme 51). The reaction yield was dependent upon the temperature and the amount of T3P used. As the temperature and amount of catalyst were decreased, yields also decreased. The conversion of acetophenone-oxime into its amide at 70°C in the presence of 10 mol% of T3P afforded a 92% yield, whereas 15 mol% of T3P gave a 98% yield of the product.
The protocol was applied effectively to aromatic, heteroaromatic and aliphatic oximes (Table 11 ).
Scheme 51 Catalytic method for the Beckmann rearrangement
Here, T3P (15 mol%) reacts with the ketoxime and forms the corresponding nitrilium ion 211 with the expulsion of phosphonate 9. Nucleophilic attack of 9 on 211 leads to intermediate 212 with a P-O-C bond arrangement, and subsequent cleavage of the P-O bond results in the formation of the stable cyclic trimer, T3P (8), with the formation of amide 209 (Scheme 52).
Curtius Rearrangement
The Curtius rearrangement of acid azides is a widely employed route for the synthesis of ureas and carbamates. The usage of T3P enables the synthesis starting from acids to be carried out in a one-pot manner. T3P was used as a promoter for the formation of acid azides, wherein an acid 61 in the presence of trimethylsilyl azide (1.1 equiv) and triethylamine (1.5 equiv) forms an acid azide in situ. Upon heating, the acid azide subsequently undergoes rearrangement to the isocyanate, which then couples with the alcohol to afford the carbamate 213 or 214 (Scheme 53). 58 The yield for all the examples was good to excellent. In this T3P-mediated rearrangement, the reaction rate was shown to be faster for substrates having electron-rich substituents, and slower for those with electron-withdrawing substituents. The protocol was also extended to prepare benzyl carbamates 214 with aromatic units of different 
Lossen Rearrangement
The Lossen rearrangement 59 is the conversion of a hydroxamic acid into an isocyanate. It has the advantage of using a stable starting material -a hydroxamic acid -instead of an acid azide. Reported protocols for hydroxamic acid synthesis involve the activation of the acid either through an acid chloride or a mixed anhydride intermediate, or involve the use of cyanuric chloride. Aldehydes were also converted into the corresponding hydroxamic acids by treatment with hypervalent iodine(III) in the presence of hydroxylamine. Recently, Sureshbabu and co-workers 60 employed T3P as an acid activator in acetonitrile to obtain hydroxamic acids 215 under ultrasonication and then used as a promoter for the rearrangement of 215 into isocyanate in the presence of NMM under reflux conditions. The formed isocyanate was treated with a variety of nucleophiles such as amines, alcohols and thiols to yield ureas, carbamates and thiocarbamates 216 respectively (Scheme 54).
Scheme 54
Synthesis of ureas and carbamates using T3P as promoter for the Lossen rearrangement
Synthesis of Drugs on Laboratory and Large Scales
Denagliptin Tosylate
Denagliptin tosylate (220) is a dipeptidyl peptidase IV inhibitor that is commercially synthesized (Scheme 55). It is an amide with a nitrile functionality in its core structure. Its production was carried out in earlier years employing HATU or HBTU as coupling agent to join the acid 219 and the nitrile derivative of proline, 218, but the resulting product 220 was obtained in 42% yield. In addition, the relative cost of HATU and HBTU led to the search for an alternative. In order to develop an economically viable route, the suitabilty of T3P was studied in detail (Scheme 55). 61 The use of T3P, as a substitute for HATU and HBTU, led to 220 in 88% yield with 98% purity (route 1). Further improvements in the protocol were made. To avoid the two-step process required for the preparation of the nitrile derivative of proline, coupling followed by dehydration in an one-pot protocol was envisaged. For the dehydration of amide 221 to nitrile 218, various dehydrating agents were screened, and of them, methanesulfonic anhydride (Ms 2 O) afforded the desired product 223 in 90% yield (route 2). However, the use of methanesulfonic anhydride is associated with the formation of alkylmethane sulfonate ester which is known to be a genotoxic impurity. During the study, it was observed that in the presence of T3P, by raising the temperature and lowering the amount of base, it was possible to carry out both the coupling and Scheme 52 Reaction mechanism for the Beckmann rearrangement using T3P the dehydration in one pot. The coupling was carried out using T3P and then the addition of another equivalent of T3P at 78°C effected dehydration, affording 223 in 89% yield with 99% purity (route 3). The protocol was milder especially in view of the large-scale synthesis, as the earlier protocols were lengthy and required steps like azeotropic distillation. All the other products produced were water-soluble and made the product isolation much easier. Clearly, employment of T3P for this dehydration served as a better alternative for large-scale synthesis. Both coupling as well as cyclodehydration mediated by T3P worked well using a smaller amount of base (DIPEA) under an elevated temperature of 50-78 °C. DIPEA was found to be a better base for tandem coupling and dehydration processes. This robust route was used to produce more than a metric tonne of the drug.
Multidrug-Resistance-Reversal Agents
Multidrug resistance disables many potent anticancer drugs and is responsible for many of the poor responses to cancer chemotherapy. In this context, several disubstituted adamantyl derivatives were designed and evaluated in a p-glycoprotein-dependent multidrug resistance cancer cell line by incorporating p-glycoprotein-inhibitor properties like high hydrophobicity, presence of aromatic rings and protonatable tertiary amines. The ester 224 did not show any reversal activity. Catalytic hydrogenation of the ester, followed by coupling with an amine employing T3P in the presence of triethylamine at room temperature, resulted in the amide 225 (Scheme 56). 62 Similarly, adamantyl derivatives 226 were converted into amides 227 (Scheme 57). The thus-obtained amides showed potent reversal activity over their ester counterparts. 
Somatostatin sst 1 Receptors
Somatostatin is a peptide hormone generally present in two active forms in biological systems as a tetradecapeptide (SRIF 14 ) and a 28-amino acid peptide (SRIF 28 ). Troxler et al., during their studies on the affinity of ergoline derivatives to sst 1 receptors, converted the naturally occurring methyl ester of (-)-lysergic acid into 228, a racemic mixture of a lysergic acid derivative. Treatment of 5-piperizin-1-ylbenzo[1,2,5]oxadiazole with racemic 228 mediated by T3P in the presence of pyridine at room temperature gave racemic 229 in 82% yield, whereas 1-methyl-6-piperizin-1-ylpyridin-2-one resulted in racemic 230 with 61% yield (Scheme 58). 63 The isomers were separated on a chiral stationary phase and subjected to binding studies. (-)-ent-229a was 1000-fold more potent and (-)-ent-230a showed 400-fold higher affinity than their antipodes (+)-229b and (+)-230b to rat and human sst 1 receptors.
Prodrugs of SN38
The camptothecin derivative CPT-11, known as irinotecan, is a prodrug approved for the treatment of advanced colorectal cancer. The active metabolite of CPT-11 is SN38, which possesses 100-to 1000-fold more potent cytotoxicity than CPT-11 itself. One of the main drawbacks to the use of CPT-11 is its poor solubility in any pharmaceutically acceptable solvent system, and thus it cannot be used efficiently for systemic applications. To alleviate this limitation, PEGylation of SN38 has been chosen. PEGylation alters the biodistribution of parent drugs, prolongs the circulation time and aids in solubilizing even small insoluble molecules. PEGylation was carried out through a prodrug strategy in conjunction with multiarm PEG 232, a 40 kilodalton four-arm-PEG-OH. The active site of each arm of multiarm PEG helps to overcome the steric hindrance and stacking phenomena when drug molecules are close to each other. Thus improves the solubility of the loaded drug molecule. With regard to the synthetic aspect, the preparation of such prodrugs was initially accomplished using EDC which provided 80-89% yields. However, for a multikilogram-scale preparation, T3P was employed, in the presence of N,N-dimethylaminopyridine, with the solvent system of dichloromethane and N,N-dimethylformamide. 64 The use of T3P for N-acylation with four-arm-PEG-OH gave the receptor 233 in 81% yield after recrystallization using N,N-dimethylformamide and isopropyl alcohol (Scheme 59).
Anti-HPV Drug
Human papilloma viruses (HPVs) are small non-enveloped DNA viruses that cause a variety of benign, premalignant epithelial tumors. Many vaccines have been developed to prevent HPV infection. Of them, tetrahydrocarbazoles and their derivatives, namely N-[(1R)-6-chloro-2,3,4,9-tetrahydro-1H-carbazol-1-yl]-2-pyridinecarboxamide (236), were identified as suitable drugs for the treatment of malignant and premalignant tumor cell lines. Initially, acid activation by O-benzotriazole and acid chloride methods were used. However, the reaction using T3P for carboxylic acid activation in the presence of diisopropylethylamine in dichloromethane followed by the addition of amine at 0°C was clean and very fast. The resultant target product 236 was isolated in 87% yield with 99.5% enantiomeric excess (Scheme 60). 65 This stereoselective synthesis has been scaled up in 200-gallon reactors to produce multiple kilograms of 236 with 99.5% enantiomeric purity. 
Phosphodiesterase 9 Inhibitors
Phosphodiesterase 9 (PDE 9) is one of the three cGMPspecific enzymes out of nineteen known PDE-9 isoforms and their synthesis is of significance in drug development. In their assembly, cyclodehydration is one of the key steps, and this has been carried out using a variety of reagents. Among them, selection of T3P for the cyclodehydration was found to be useful in affording target products 238 in good yields (Scheme 61). 66 In this synthesis, both the coupling and the cyclodehydration were carried out in a single pot at room temperature. 
Thrombine Inhibitor
Synthesis of orally active thrombine inhibitors of the DPhe-Pro-Arg-type requires a safe and toxicity-free coupling agent for the amide-bond formation. T3P in ethyl acetate was chosen in the synthesis of these orally active thrombine inhibitors mainly because of the simplicity of both the workup procedure and the isolation of 243 (Scheme 62). 67a Schafer and co-workers developed an ef- 
Norepinephrine Reuptake Inhibitor
Norepinephrine reuptake inhibitors such as 248, containing a 2-substituted morpholine moiety, have been used for the treatment of depression and thus these compounds are marketed worldwide as drugs. The initial attempt to synthesize the key intermediate 247 through an acid chloride method was abandoned owing to the low solubility. The mixed anhydride method using isobutyl chloroformate for the coupling of acid 245 and morpholine yielded good results and the same was further used for industrial-scale synthesis. However, in further studies, the usage of T3P was screened as the coupling agent (Scheme 63). The coupling, leading to 246, was found to be complete within three and a half hours. Resolution of the racemic 246 with di-p-toluoyl-L-(-)-tartaric acid [(-)-DTTA] afforded 247 in 40 or 41% yield, which led to a 5% improvement relative to the mixed anhydride approach. 68 
Pharmaceutically Important Cyclic Peptides
Endogenous peptides display a diverse array of biological interactions, for example as hormones, neurotransmitters or inhibitors. Cyclic peptides often serve as alternative molecules in developing pharmaceutical compounds from linear peptide lead molecules. However, the synthesis of these discrete small cyclic peptides has remained largely difficult primarily because of sequence-dependent cyclization problems or difficulties encountered during reaction workup. The cyclic pentapeptide cRGDfK (250) acts as a potent and selective inhibitor for α v β 3 integrin. Previously, DPPA was used to bring about cyclization of the linear pentapeptide Earlier, cRGDfK was synthesized using a solid-phase approach involving 2-chlorotrityl resin and Fmoc chemistry, 69b to obtain 249 after removal of the Fmoc group and cleavage from the resin. The cyclization was carried out by employing DPPA as the carboxyl activator, but owing to its toxic nature, Liu and coworkers 69c employed an alternative -the relatively nontoxic T3P -for the process to obtain cRGDfK (250) in 97% yield (Scheme 64). The product isolation was easy and for the final purification, silica gel chromatography was sufficient. After the removal of other protections including Pbf, Boc, and t-Bu, the final cRGDfK was obtained in 82% yield, a yield that was significantly higher than the previously reported 44%. Cycloaspeptide E, a member of the cycloaspeptide family, was extracted from Penicillia and Trichothecium strains of fungi. It is the first member of the family found to exhibit insecticidal activity. The linear peptide fragment 251 was synthesized through an Fmoc-amino acid chloride method. When the macrocyclization was carried out using DPPA, 252 was obtained in low yields (10-15%) and led to the formation of major byproduct 253 through azide attack of DPPA on the activated acid group. Lewer et al. 70 performed the same macrocyclization with T3P in the presence of triethylamine and catalytic N,N-dimethylaminopyridine in anhydrous dichloromethane at room temperature. The desired product 252 was thus obtained in 67% yield (Scheme 65). 
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Recent Applications
Conversion of Aldehydes and Ketones into Acetals and Thioacetals
The protection of aldehydes and ketones is an important component of multistep synthesis endeavors, and this is often carried out through acetalization or thioacetalization. Several Bronsted and Lewis acids have been used to accelerate acetal formation. A chemoselective reaction of aldehydes 254 and alcohols or thiols using a catalytic amount of T3P (10 mol%) under mild conditions to produce acetals or thioacetals (Scheme 66) was developed. 71 The protocol was advantageous as it tolerated acid-sensitive functionalities. Aromatic aldehydes with electrondonating or -withdrawing substituents, and aliphatic and sterically hindered aldehydes were converted into the corresponding acetals or thioacetals 255-257. The protocol was general with respect to primary, secondary and tertiary alcohols, where 1,2-diols gave 1,3-dioxolanes, 1,3-diols gave 1,3-dioxanes, and 1,3-dithiols gave 1,3-dithianes. At first, the reaction of an aldehyde with an alcohol employing T3P results in the formation of oxocarbenium ion 259 by ring opening of the cyclic trimer. Later, the nucleophilic attack of another alcohol molecule on the oxocarbenium ion gives the acetal 255. The phosphonate thus produced regenerates the catalyst through cyclization (Scheme 67). The chemoselectivity of the reaction was elucidated by the transition-state energies of aldehydes and ketones based on quantum mechanical calculations using density functional theory. 71 The less flexible methyl analogue of T3P, methylcyclophosphonic anhydride (MCPA; 260), was employed to compare the energies of intermediates 261 and 262 with those of the starting materials for both the aldehydes and the corresponding methyl ketones (Scheme 68). In all cases, the formation of the acetal intermediate 261 was found to be more favored than that of the corresponding ketal 262 by several kilocalories per mole, owing to the steric crowding offered by the substituents. Because of the difference in transition-state energies, aldehydes acetalize preferentially even in the presence of a keto group.
Scheme 68 Chemoselectivity reaction of aldehydes versus ketones using MCPA
Linear and Cyclic Thiophenamides
The synthesis of thiophene oligoamides from the corresponding amines 263 and carboxylic acids 264 was achieved in the presence of T3P and triethylamine using ultrasonication (Scheme 69). 72 Linear oligomer 266 was obtained in 68% yield when EDC was employed, whereas T3P under ultrasonication afforded the product in 91% yield. Macrocyclization of the tetramer using T3P gave the cyclic thiophene oligoamide 267 in 46% yield.
Hepatoselective Glucokinase Activator
Glucokinase is an enzyme in the liver and pancreas that regulates glucose metabolism, and the compounds that activate this enzyme are promising therapies for type II diabetes. In an attempt to develop a robust process for the multikilogram synthesis of hepatoselective glukokinase activator 270, various coupling reagents were employed. Reactions using DCC and HATU conditions provided 270 in the greatest optical purity, but the byproducts obtained were difficult to remove. On the other hand, EDC, CDI, 2-chloro-4,6-dimethoxy-1,3,5-triazine and DEPBT caused reacemization, and with the former reagent, the reaction was sluggish, too. The protocol employing T3P in the presence of pyridine and 2,6-lutidine gave good results in affording the target molecule. 6, 73 However, on scale-up, T3P in the presence of pyridine and N,N-dimethylaminopyridine at 0°C provided 270 in 84% yield with achiral purity of 99.5% after recrystallization (Scheme 70). Downloaded by: National University of Singapore. Copyrighted material.
Scheme 70 Synthesis of hepatoselective glucokinase activator 270
T3P proved efficient for the coupling of racemizationprone carboxylic acids 268 with relatively non-nucleophilic amines 269 on a large scale as well. This T3P-catalyzed bond formation provided more than 140 kilograms of amide over five batches in 84-88% of yield.
Conclusion
In the last few years, there has been an upsurge of interest in T3P as a versatile reagent for synthesis. This stems from the fact that T3P is useful in mediating a plethora of chemical transformations under mild and easily scalable conditions that are key to preparing several classes of compounds, of which many are of biological relevance. With its easy product isolation, the protocol employing T3P offers several practical and experimental benefits to the synthetic chemist. Multistep and one-pot protocols can be carried out effectively when mediated by T3P. Also, the reagent can be applied to the large-scale preparation of several commercially produced compounds; for instance, for a metric-tonne preparation of denagliptin tosylate, a dipeptidyl peptidase IV inhibitor for the treatment of type II diabetes. With regard to the research in synthetic chemistry, the quest for new methods and reagents that excel in selectivity, mildness and efficacy is a never-ending endeavor. In this quest, T3P as a reagent will continue to thrive with wider acceptability as its sphere of applications continues to expand. In our opinion, the potential of the reagent will be tested to its limit in the years to come. 
